Aim: The efficiency of various investigations and diagnostic criteria used in diagnosis of allergic bronchopulmonary aspergillosis (ABPA) remain unknown, primarily because of the lack of a gold standard. Latent class analysis (LCA) can provide estimates of sensitivity and specificity in absence of gold standard. Herein, we report the performance of various investigations and criteria employed in diagnosis of ABPA.
Introduction
Allergic bronchopulmonary aspergillosis (ABPA) is a pulmonary disorder caused by immunologic reactions to antigens released by Aspergillus fumigatus, colonizing the airways of patients with asthma and cystic fibrosis. [1, 2] The disease presents with uncontrolled asthma, expectoration of mucus plugs, fleeting pulmonary opacities and bronchiectasis. [3] The community prevalence of ABPA complicating asthma is speculated to be about 1-2%, [4] with a global burden of about 5 million patients. [5] The prevalence of ABPA is even higher in the asthma clinics where it was estimated to be about 13%. [6] The diagnosis of ABPA is currently made on the combination of clinical, radiological and immunological findings. [7] Almost six decades have elapsed since its first description, yet there is no consensus on the diagnostic criteria for identification of ABPA. [8] The Patterson criteria are the most often used yardstick for diagnosis of ABPA, [9, 10] and utilize the following investigations in asthmatic patients, namely Aspergillus skin test, IgE levels (total and A. fumigatus specific), eosinophil count, Aspergillus precipitins, radiographic pulmonary opacities and bronchiectasis. However, there is no consensus on the number of parameters in the criteria required to make the diagnosis. Also, the criteria lay equal emphasis on all variables while some components of the criteria may be more important than others. To overcome some of the limitations of the Patterson criteria, we have proposed new criteria wherein greater emphasis has been laid on specific components in the diagnosis of ABPA, such as total and A. fumigatus specific IgE levels. [11] Unfortunately, the diagnostic performance of both the criteria remains unknown.
A major drawback in diagnosis of ABPA is the lack of gold standard for confirmation of diagnosis, which has made it virtually impossible to evaluate the sensitivity and specificity of the diagnostic criteria as a whole, and its individual components. As the currently used diagnostic criteria are a composite of the aforementioned diagnostic tests, [9, 11] conventional statistical methods would lead to erroneous estimates of sensitivity and specificity because investigations like skin test and IgE levels that are integral part of the criteria will have perfect (100%) sensitivity values. Latent class models using maximum likelihood (ML) methods can obtain direct estimates of sensitivity and specificity in the absence of an acceptable gold standard. [12, 13] Latent-class analysis (LCA) is based on the concept that the true disease status of the individual is unknown but certain probabilistic estimates can be made for ascertaining this position. Several studies have used LCA for the evaluation of diagnostic tests where no gold standard exists, and have found this model to provide realistic estimates of the performance of diagnostic tests. [14] [15] [16] In this study, we report the diagnostic accuracy of two diagnostic criteria (Patterson et al [9] and Agarwal et al [11] ) and various tests (Aspergillus skin test, serum IgE levels [total and A. fumigatus specific], eosinophil count, Aspergillus precipitins, chest radiograph, bronchiectasis and high-attenuation mucus) used in identification of ABPA, using LCA.
Materials and Methods

Ethics Statement
The study was approved by the Institutes Ethics Committee, and a written informed consent was taken from all subjects. In case of minors/children participating in the study, written informed consent was obtained from the next of kin, caretakers, or guardians on behalf of the study participants.
Patients
This was a prospective observational study conducted between July 2010 and July 2011 in the Chest Clinic of this Institute. Consecutive patients of bronchial asthma aged $15 years without a prior diagnosis of ABPA, were included in the study if they met two of the following three criteria: (a) history of recurrent attacks of chest tightness, breathlessness and cough; (b) documented wheeze on auscultation of the chest; and, (c) obstructive defect on spirometry with presence of bronchodilator reversibility. Patients without bronchodilator reversibility at the time of entry were included only if they had a documented bronchodilator reversibility at some point in their illness. Patients were excluded if they met any of the following criteria: (a) age.75 years; (b) prior diagnosis of ABPA or chronic obstructive pulmonary disease; (c) pregnancy; (d) other immunosuppressive states; (e) intake of systemic corticosteroids within last four weeks for controlling asthma; and, (f) failure to provide informed consent.
Methods
All subjects underwent detailed clinical history and physical examination. The following details were recorded: age, gender, respiratory symptoms and history of atopy. The severity of asthma was categorized according the 2004 Global Initiative for Asthma (GINA) recommendations, which includes the effect of treatment on the disease severity. [17] Further, all subjects underwent the following investigations: intradermal test for Aspergillus, IgE levels (total), A. fumigatus specific IgE levels, serum precipitating antibodies against A fumigatus, chest radiograph and highresolution computed tomography (HRCT) of the chest. All patients were screened with routine stool examination to exclude parasitic infestations.
Aspergillus skin test (AST). Was performed by injecting Aspergillus antigen (0.2 mL of 100 PNU/mL; 1 PNU = 0.00001 mg/mL) intradermally in the forearm. Phosphate buffer saline (0.2 mL) served as the control. The injection site was examined every 15 minutes for one hour. An immediate cutaneous hyperreactivity was defined if a wheal and erythema developed within one minute, reached a maximum after 10 to 20 minutes, and resolved within one hour. The antigen arm skin reaction diameter had to be at least 8 mm greater than the control arm. [18] .
Serum total IgE and A. fumigatus-specific IgE levels. The total IgE levels were assessed using quantitative enzyme-linked immunosorbent assay (Demeditec diagnostics GmbH, Kiel, Germany) while the A. fumigatus specific IgE levels were assayed using fluorescent enzyme immunoassay (UniCap Systems; Phadia, Stockholm, Sweden).
Aspergillus precipitins. Were detected using the Ouchterlony gel diffusion technique according to the method described by Longbottom and Pepys. [19] .
Total eosinophil count. The total leucocyte count was initially determined using an auto-analyzer. The percentage of differential leucocyte count was ascertained by counting and classifying 100 WBCs on a peripheral blood smear. The total eosinophil count was obtained by multiplying the percentage with the total leucocyte count.
Pulmonary function test. Was performed on a dry rolling seal spirometer (Spiroflow; PK Morgan Ltd.; Kent, UK) to determine the lung function measurements and bronchodilator reversibility. Age, gender, height and spirometry data were recorded for all patients using computer software previously developed by us. [20] .
HRCT of the chest. Was performed using a 16-row, multiple-detector CT scanner (LightSpeed Plus; GE Medical Systems; Slough, UK) with a matrix size of 5126512. The scans were obtained from the lung apex to the base using a scan time of three seconds while the patient was in the supine position at full end-tidal inspiration. Image acquisition was contiguous, and the images (1.25 mm at 10-mm intervals) were reconstructed using a high-spatial-frequency algorithm. The diagnosis of bronchiectasis on HRCT chest was made as per previously described criteria. [21] .
Diagnosis
of Aspergillus sensitization and ABPA. Aspergillus sensitization was defined by the presence of immediate cutaneous hyperreactivity on AST or the presence of A. fumigatus specific IgE.0.35 kUA/L. The diagnosis of ABPA (Table 1) was made according to the criteria proposed by Patterson et al. [9] and Agarwal et al. [11] As there is no consensus on the number of components of the Patterson criteria ( Table 1) that is required to make a diagnosis of ABPA, ABPA was classified as present or absent according to the presence of five, six, seven or eight criteria for the purpose of this study. Patients with bronchiectasis who did not meet the criteria for ABPA underwent other investigations for ABPA according to the Chest Clinic protocol. Statistical analysis. was performed using the statistical package StatsDirect (version 2.7.8; StatsDirect Ltd, Cheshire, UK). Data are presented in a descriptive fashion as mean (95% confidence intervals [CI] ) and number (percentage with 95% CI). The differences between continuous and categorical variables was analyzed using Mann-Whitney U and chi-square tests respectively. The agreement between two tests was determined using Cohen's weighted kappa. [22] We used LCA (performed using the R-version of the TAGS software [23] ) to estimate the accuracy of various diagnostic tests employed in the diagnosis of ABPA. The study population was divided into two groups namely uncontrolled and controlled asthma using the GINA criteria (categories of partly controlled and uncontrolled asthma merged to form the category of uncontrolled asthma for the purpose of this study). [24] Patients were cross-classified in both subsets of asthma based on the results of various investigations. A similar methodology was used to calculate the sensitivity and specificity of the two criteria used for diagnosis of ABPA. The Patterson criteria (five, six, seven or eight) were compared among themselves and with the Agarwal criteria ( Table 1 ). The ML estimates for all tests were obtained using two iterative methods namely the Newton-Raphson algorithm and the expectation-maximization algorithm, which provided the sensitivity and specificity. [23] The CI obtained are the ''percentile bootstrap'' CI generated by bootstrapping the sample with 5000 samples independently with replacement from the data, within each subpopulation. The lower and upper 95% CI are then defined as the 2.5 th and 97.5 th percentiles of the bootstrap parameters. The fit of the LCA model (assumption of conditional independence) was performed by the goodness-of-fit test (likelihood ratio chi-square deviance test) followed by evaluation of residual correlations between tests. A good fit of the model is indicated by a p value.0.05 and the random distribution of the residuals near zero.
Results
During the study period, 518 consecutive asthmatics were screened of which 388 patients met the criteria for inclusion in the study. Finally, 372 patients underwent all the investigations and formed the study group. There were 191 men and 181 women with a mean age of 35.9 years. The mean duration of asthma was 8.3 years. Majority had uncontrolled asthma (63.1%) with history of atopy being present in 23.4% of them. The baseline characteristics of the study population are shown in Table 2 . The number of acute exacerbations requiring glucocorticoids and hospitalization, and the number of patients receiving moderate to high dose ICS were higher in uncontrolled asthma (Table 2) . Similarly, the severity of asthma (corrected for treatment) as per the GINA criteria and the severity of obstruction on spirometry was also higher in patients with uncontrolled asthma. Of 137 patients with bronchiectasis, involvement of three or more lobes and six or more segments by bronchiectasis was seen in 88 and 70 patients, respectively. The cause of bronchiectasis was ABPA in 55 patients while in the remaining it was assumed secondary to asthma itself.
Evaluation of Tests for the Diagnosis of ABPA
The observed frequencies of various tests for ABPA are shown in Tables S1-3 of File S1 using three different models outlined in Table 3 . The goodness-of-fit test for conditional independence was acceptable (p = 0.99 for all the models) and the residual correlations between the tests were randomly distributed around zero. The sensitivity and specificity of various investigations used in the diagnosis of ABPA using LCA is shown in Table 3 . In all the models, A. fumigatus specific IgE levels.0.35 kUA/L had the best sensitivity value (100%). Although IgE levels had a sensitivity exceeding 92%, the specificity ranged from 23-39% implying a high false-positive rate. The investigation with best specificity was high-attenuation mucus (100%) however the sensitivity of this finding was only 40% (Table 3) . The other tests with good specificity were A. fumigatus precipitins, total eosinophil count.1000 cells/mL and chest radiographic opacities; however the sensitivity was poor.
Evaluation of Various Diagnostic Criteria for ABPA
ABPA was diagnosed in 56 and 55 patients respectively using six Patterson criteria and the criteria proposed by Agarwal et al with the observed frequencies of various diagnostic criteria shown in Table S4 of File S1. The goodness-of-fit test for conditional independence was acceptable (p = 0.99) and the residual correlations between the diagnostic criteria were randomly distributed around zero. Only seven patients met the diagnosis of ABPA by all the Patterson criteria. Once the Patterson criteria were decreased to five there was decline in the specificity while there was decline in the sensitivity if the criteria were increased beyond six (Table 4) . Of these 56 patients, 55 had bronchiectasis and one was diagnosed as serological ABPA (ABPA-S) i.e. ABPA without bronchiectasis. Bronchiectasis was more extensive (median 11 segments; IQR, [6] [7] [8] [9] [10] [11] [12] [13] [14] and severe (varicose and cystic) in patients with ABPA while in patients with asthma (without ABPA) the bronchiectasis was less extensive (median 5 segments; IQR, 3-6) and cylindrical in all patients. All patients with ABPA were initiated on treatment with glucocorticoids and/or azoles. All went into remission with Table 1 . Criteria for the diagnosis of allergic bronchopulmonary aspergillosis. improvement in clinical and radiographic findings associated with decline in IgE levels by at least 35% at the end of three months.
Discussion
The results of this study demonstrate the sensitivity and specificity of various tests and diagnostic criteria used in recognition of ABPA. To the best of our knowledge, this is the first study to provide estimates of performance of diagnostic tests and diagnostic criteria employed in detection of ABPA. The study found A. fumigatus specific IgE levels and high-attenuation mucus to be the most sensitive and specific tests respectively while varying sensitivity and specificity was observed for other tests. The diagnostic criteria of Patterson et al. proved to be the most accurate however at least six of the eight criteria need to be employed.
Cutaneous testing with Aspergillus antigen has been strongly advocated as a screening tool for ABPA with a negative result excluding ABPA. [18, [25] [26] [27] [28] [29] [30] [31] However, the results of our study suggest that A.fumigatus specific IgE levels would serve as the most sensitive test in screening asthmatic patients for ABPA. In fact, 6-12% of ABPA patients can be potentially missed if skin testing alone is utilized as the screening tool for ABPA. We found significant overlap of A. fumigatus specific IgE values between ABPA and asthma, and hence a poor specificity. Thus, A. fumigatus specific IgE level is a useful screening tool for ABPA in asthmatic patients. High-attenuation mucus is considered to be the most characteristic radiologic sign in ABPA, [28, 30, [32] [33] [34] and was found to be the most specific test in diagnosis of ABPA. The total IgE levels are elevated in many patients with asthma without ABPA, [35, 36] and in the current study elevated IgE levels had good sensitivity but poor specificity in diagnosis of ABPA as 70% of our population had IgE levels.1000 IU/mL. We further used different models with IgE cutoff values of 417 IU/mL and 1000 IU/mL as many groups use a total IgE.1000 IU/mL rather than .1000 ng/ml (417 IU/mL) in the diagnostic criteria.
While IgE levels were found to offer low specificity in diagnosis of ABPA, they remain a useful test during followup of patients with ABPA. [29] After treatment, there is clinicoradiological improvement along with decline in IgE levels by at least 25%. Similarly, increase in IgE levels by 50-100% of the baseline along with clinicoradiological worsening suggests an exacerbation of ABPA rather than exacerbation of asthma alone. [1] Bronchiectasis was observed in a large number of asthmatic patients with higher prevalence in patients with Aspergillus sensitization. These results are in accordance with previous studies wherein the reported prevalence of bronchiectasis in asthmatic patients range from 18-52%; [37] [38] [39] [40] [41] [42] the prevalence being higher in patients with severe compared to mild asthma. [43] Although bronchiectasis affecting three or more lobes, centrilobular nodules, and mucoid impaction on CT chest suggests ABPA, [39] a recent study noted all these findings in Aspergillus-sensitization without ABPA. [42] .
No single test had both good sensitivity and specificity, hence composite of other tests should be utilized for confirmation of ABPA. The criteria proposed by Agarwal et al had good sensitivity and specificity, however the criteria still missed a single patient who met all other criteria for ABPA but the IgE value was ,1000 IU/mL. An occasional patient with ABPA could manifest with IgE values ,1000 IU/mL and this point should be kept in mind while investigating asthmatic patients for ABPA. [44] As there is no consensus on the number of Patterson criteria that should be used for diagnosis, several studies have used even five criteria. [27, 28, 45, 46] This study suggests that there is decline in Table 3 . Sensitivity and specificity of various diagnostic tests and diagnostic criteria used in the evaluation of allergic bronchopulmonary aspergillosis (ABPA) using latent class analysis. specificity if five criteria are employed and fall in sensitivity if seven criteria are employed. In fact, in this study only seven patients with ABPA met all the eight major Patterson criteria. Thus, six or higher Patterson criteria offer the best diagnostic performance in identification of ABPA. The differentiation between ABPA and Aspergillus sensitized asthma is important because patients with ABPA generally require treatment with corticosteroids to control the immune activity while those with Aspergillus sensitization do not. [47] This makes it imperative to know the diagnostic performance of individual tests and various diagnostic criteria. In fact, one study estimated that one-third of medical articles dealing with evaluation of diagnostic tests use no gold standard, and thus it is not known whether their use improves clinical outcomes. [48, 49] Imperfect estimates of test accuracy can obviously have serious clinical consequences with a false-positive test leading to overtreatment (and risk of unnecessary adverse effects of treatment) while a false-negative result can cause adverse consequences of the disease. We used LCA, a statistical modeling technique which examines associations between observed variables (in our case the different diagnostic tests and diagnostic criteria) that imperfectly measure a nonobservable or latent variable. [13] In the current study, the true diagnosis of ABPA was considered as the latent variable in two categories namely 'controlled' and 'uncontrolled' asthma. The ML model that we used in our study is restricted to binary test results (one value signifying positive test and the other a negative test). The biggest advantage of LCA is obviously the evaluation of diagnostic accuracy of test(s) in the absence of gold standard, which made it possible to estimate the precision of diagnostic tests and diagnostic criteria used in recognition of ABPA.
Finally, our study is not without limitations. The major limitation is the small sample size and the conduct of the study at a single tertiary care referral center although a minimum of three tests and roughly 100 observations are required for a model of conditional independence. [50] Thus, studies with similar design need to be conducted at different centers with a larger sample size. Another limitation is that we used an in-house Aspergillus antigen for diagnosis of AH although this has been standardized against aspergillin (commercial antigen). In fact, after analyzing both cases and controls, an 8 mm cutoff has been chosen to declare skin-test positivity. The test has no falsepositivity, as in one study the skin test was negative in all the 100 healthy controls tested. [11] The strength of our study is the robust study design and the fact that the sampled population included an appropriate spectrum of the disease.
In conclusion, the results of this study suggest that A. fumigatus specific IgE levels are the most sensitive test in diagnosis of ABPA, and can be used as a screening test for ABPA. On the other hand, high-attenuation mucus was found to be the most specific test. As no single test had both good sensitivity and specificity, series of tests need to be performed for confirmation of ABPA. The diagnostic criteria proposed by Patterson et al. remain the gold standard for diagnosis of ABPA if six criteria are used. However, there is a decline in diagnostic accuracy of the Patterson criteria if the number of criterion is either increased or decreased.
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